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BACKGROUND 

This r e p o r t has been prepared to d e t a i l t he purpose , methodology and results 
of the numerical transport model developed by Drs. Pinder and Babu. The 

limits of capture and containment of the plume using various remedial pumping 
rates as predicted by the model are presented. The influence on the 
groundwater level that may result from remedial pumping is shown for pumping 

rates of 2000 gpm and 3000 gpm. A discussion of the influence of several 
wells instead of a single well is included. 

Hydrogeological investigations of groundwater flow phenomenon are diff icult 
because of the many variables encountered in a dynamic 3-dimensional flow 
regime. Chemical transport processes and associated dispersion phenomenon 
result in substantially more complexity. The geology in the vicinity of the 
McGraw-Edison s i te consists of glacial spillway sediments and t i l l deposits 
overlying the Marshall sandstone formation. The wide range of permeability in 
the glacial material results in a strong 3-dimensional flow character in the 
aquifers. A satisfactory evaluation of this complex hydrogeology can only be 
achieved by use of a 3-dimensional numerical transport model. 

COMPUTER MODEL 

Introduction 

Computer models are formulated to simulate the physical behavior of complex 
groundwater systems. Advection and dispersion processes are simulated to 
indicate trends in chemical transport and to provide an aid in understanding 
and interpreting the physical situation. The model output can be utilized to 
tes t the reasonableness of basic hypotheses concerning the dynamics of the 
system that have been formulated a prior from field data. Models can be 
utilized as a predictive tool to estimate future conditions and trends. The 
certainty of the prediction depends, among other things, on the extent of the 
inves t iga t ion into the physical system and the accuracy of the input 
parameters. 
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Development of a computer model initially requires an understanding of the 

groundwater system. An evaluation and interpretation of available field data 

result in the formulation of a conceptual model of the flow system. Missing 

data that are needed to clearly define the hydrogeological systems must then 

be generated. The extent of the area to be modeled, boundary conditions and 

somewhat idealized aquifer geometry are determined. 

The physical data is then translated into mathematical terms. Numerical 

analysis allows the simultaneous solution of the partial differential 

equations that describe the hydraulic head and chemical concentration 

distribution at a specified time. 

The accuracy of the model simulations are verified by a comparison of the 

calculated values with observed data. A trial and error procedure is utilized 

in which initial conditions and input parameters are adjusted within a 

reasonable range until the model satisfactorily generates known behavior. 

A final step in the development of the model is an analysis of the sensitivity 

of the output to the assumed input parameters. Parameter values are each 

varied over a range of uncertainty to isolate the effect each parameter has on 

the simulations and to assess the relative importance of, the various 

parameters. 

Development 

An extensive hydrogeological investigation was completed prior to the 

development of the model by Drs. Pinder and Babu. Beginning in the fall of 

1980, Testing Services Corporation of Wheaton, Illinois (TSC) began the 

construction of soil borings, monitoring wells and lysimeters at the plant 

site. Groundwater samples were periodically collected from the monitoring 

wells and local domestic wells. During construction of the monitoring wells, 

soil samples representative of the materials at the site were collected. 

Variable head permeability tests were performed on 22 soil samples and 2 

sandstone core samples to estimate hydraulic conductivity. Atterburg limit 

and grain size distribution tests were also performed on selected soil samples 

collected from the borings. A standard penetration test blow count was taken 



during completion of the soil borings at each change in the lithology. 

Complete descriptive drilling logs were recorded for each boring. Groundwater 

samples collected by TSC from monitoring wells, domestic wells and lysimeters 

were analyzed for concentrations of TCE. The results of the investigation by 

TSC was presented in a report entitled, "HYDROGEOLOGIC STUDY, McGRAW-EDISON 

FACILITY, ALBION, MICHIGAN". 

Drs. Pinder and Babu began their hydrogeological investigation of the Albion 

plant site in the spring of 1982. Drs. Pinder and Babu directed the 

activities of TSC during the remainder of 1982. The data obtained by TSC was 

evaluated and interpreted to acquire an understanding of the characteristics 

of the hydrogeology at the site. Additional monitor wells were installed as 

required to provide a complete understanding of the nature of the aquifer 

system. A fence diagram was prepared using available drilling logs from 

borings at the site to provide a 3-dimensional view of the lithology. 

Static water levels observed in monitor wells at the site were evaluated to 

obtain an understanding of the groundwater flow processes at the site. This 

data was evaluated by a procedure that allowed the determination of flow 

velocity in three dimensions (L. M. Abriola and G. F. Pinder, 1982). This 

analysis indicated a strong 3-dimensional flow character in the aquifer 

system. The existence of two flow directions was indicated from the 

evaluation: a southerly flow at wells constructed in the upper portion of the 

aquifer and a westerly flow in the lower aquifer. 

The results of analyses of groundwater samples were reviewed to determine the 

probable concentration of contamination in the groundwater. This review also 

was used to estimate possible locations- for sources of TCE. A graphical 

presentation of TCE concentration over time at each monitor well was prepared 

to indicate trends in the strength and the locations of TCE in the 

groundwater. 

A pumping test of the existing fire well was completed in June 1982 by Dan 

Raviv Associates, Inc., under the direction of Drs. Pinder and Babu. The 

pumping test consisted of two parts. The first part involved injecting water 

pumped from the supply well into the fire well for 24 hours. Water levels 



were measured in the pumping and recharge wel ls and 14 observation wel ls 

during the recovery per iod. During the second t e s t , the f i r e well was pumped 

at a continuous rate of 2000 gpm for 48 hours, wi th the e f f l uen t discharged 

in to the stonn sewer. Water levels were measured in the pumping well and 19 

observation wel ls fo r the duration of pumping and fo r a 24-hour recovery 

period. The purpose of the test was to obtain information on the spec i f i c 

y i e l d and capacity of the f i r e w e l l , evaluate the charac te r i s t i cs of the 

aquifer and to induce changes in the groundwater level tha t could be used to 

help ca l ib ra te the model. The time vs drawdown data were analyzed using the 

Theis nonequil ibrium formula for leaky confined aqu i fe rs , the Theis recovery 

method and Jacob's method for solut ion of nonequil ibrium equations. This 

ana lys is was used to es t imate the a q u i f e r t r a n s m i s s i v i t y and s torage 

coe f f i c i en t . 

The hydrogeological invest igat ion by Drs. Pinder and Babu allowed them to 

formulate a conceptual model of the flow system in the v i c i n i t y of the p lan t 

s i t e . This i n f o r m a t i o n was then i npu t i n t o a 3-d imensional numerical 

t ransport model. The numerical model calculated the spat ia l d i s t r i b u t i o n of 

hyd rau l i c head and TCE concen t ra t i ons at s p e c i f i c t imes by use of a 

combination of the f i n i t e element and f i n i t e d i f ference methods for so lu t ion 

of par t ia l d i f f e r e n t i a l equations. The Galerkin f i n i t e element technique was 

applied in the hor izontal plane. The f i n i t e element method allows a f l e x i b l e 

d isc re t i za t ion of the system. Therefore, the shape of the elements in the 

gr id can be adjusted to allow smaller elements and bet ter accuracy in the 

immediate v i c i n i t y of the plant s i t e . The f i n i t e d i f ference method was 

applied to the ve r t i ca l cross-sect ion. 

Figure 1 presents the horizontal cross-sect ion of the g r i d . The f i n i t e 

element g r i d , consis t ing of 556 elements and 588 nodes ( j o i n t s at which l i nes 

in tersect are nodes), was placed in three layers on the system. The element 

size in the dense central region i s approximately 132 f ee t . A constant head 

boundary was imposed in the upper layer , and on the nor th , east and west sides 

of the lower layer . A no-flow boundary was imposed for the south side of the 

lower layer boundary (Kalamazoo River ) . The hydraulic heads at the boundary 

of the middle layer were determined where appropriate by l i nea r i n te rpo la t i on 

from the upper and lower layers . 
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An ideal ized f low system consist ing of both an upper and lower aquifer with an 

intervening aqui tard was then assumed for the model. The upper aquifer was 

assumed to be a water table aquifer with an average thickness of approximately 

10 fee t . The upper aquifer is represented by the upper g r i d layer in the 

numerical model. An aquitard of varying thicknesses was input underlying the 

upper aqui fer . The middle layer in the gr id represents the aqu i tard . The 

lower confined aqui fer with an assumed thickness of 400 f ee t is respresented 

by the lower g r i d l a y e r . The lower aqu i f e r i n c l udes both permeable 

unconsolidated g lac ia l deposits and the Marshall sandstone format ion. An 

anisotropic f low system was imposed by set t ing the v e r t i c a l conduct iv i ty equal 

to 10% of the hor izontal conduct iv i ty . A horizontal hydraul ic conduct iv i ty 

for the aquifers o f 90 to 100 f t /day was determined from the resu l ts of the 

f i r e well pumping tes t and permeabil i ty tests of so i l and rock core samples. 

.The aquitard hor izontal conduct iv i ty was set at 10 times the aquifer 

horizontal conduc t i v i t y . 

A review of d r i l l i n g logs and water leve ls in the monitor wel ls at the s i te 

indicated the existence of permeable zones in the aqu i ta rd . The horizontal 

conduct iv i ty of the middle layer at these "windows" was set equal to the 

conduct iv i ty of the aquifer in the upper and lower l aye rs . Di rect flow of 

groundwater from the upper aquifer to the lower aqui fer was assumed in the 

locat ion of the windows due to a hydraul ic gradient downward between the 

aquifer throughout the s i t e . The locat ion of the windows in the gr id are 

indicated on Figure 1 . 

Cal ibrat ion 

Accuracy in the rep roduc t i on of the phys ica l behav io r observed in the 

groundwater f low system by the model was achieved by a c a l i b r a t i o n of input 

parameters and i n i t i a l condi t ions. Cal ibrat ion of the model was completed in 

two stages. The f i r s t step involved obtaining an acceptable accuracy in the 

s imu la t i on of the groundwater f l o w . Secondly, the chemical t r a n s p o r t 

parameters were adjusted as required to achieve a sa t i s fac to ry reproduction of 

the observed TCE plume development. 



Cal ibrat ion of the model for flow analysis was completed by a t r i a l and error 

process in which parameters were adjusted un t i l an acceptable reproduction of 

both steady state and dynamic advection processes was achieved. The steady 

state flow condit ions were modeled assuming an aquifer flow system inf luenced 

by local pumping of 320 gpm at the Brook's Foundry wel ls only. This 

corresponds wi th the period from July 8, 1981 to June 28, 1982 during which 

time the Clark Street municipal well f i e l d and the McGraw-Edison supply well 

were not in operat ion. Water levels in the monitor wel ls at the plant s i t e 

had been measured frequently during th is per iod. A comparison of the computer-

simulated piezometric surface with water level readings from the monitor wel ls 

i s shown in Figure 2 and 3 for the lower and upper aqu i fe rs , respect ive ly . 

Cal ibrat ion of the model for analysis of dynamic flow condit ions was completed 

by a simulat ion of the f i r e well pumping t e s t . Flow rates of 224 gpm at the 

Clark Street well f i e l d , 320 gpm at the Brook's Foundry we l l s , and 2000 gpm at 

the f i r e well were input into the model. The computer-simulated piezometric 

surface map i s compared to water levels measured in the observation wel ls for 

the time of 16 hours fo l lowing i n i t i a t i o n of the pump tes t in Figures 4 and 5 

for the lower and upper aqu i fers , respect ive ly . 

The good co r re la t i on between observed and calculated spat ia l head d i s t r i b u t i o n 

in Figures 2 - 5 indicates that the model has been ca l ib ra ted s u f f i c i e n t l y to 

analyze both steady state and dynamic groundwater f low cond i t ions . 

Cal ibrat ion of the model for analysis of chemical t ransport was completed by a 

t r i a l and er ror adjustment of the i n i t i a l input condi t ions and relevant 

parameters. TCE source locat ions and concentrations were important i n i t i a l 

input condi t ions for chemical t ranspor t . The locat ion and size of the windows 

were also important input condit ions due to the existence of a downward 

hydraulic gradient between the upper and lower aquifers throughout the s i t e . 

Dispersion coe f f i c i en ts determine the extent to which TCE deviates both 

l a t e r a l l y and l ong i tud ina l l y from the average l i nea l ve loc i t y vector . 

A f i na l step in the ca l ib ra t ion process was the simulat ion of the dynamics of 

the hypothetical TCE plume for the period from 1949 to 1983. Variable flow 

rates were set at the Clark Street well f i e l d while a constant pumping rate of 



320 gpm was assumed for the Brook's Foundry wells. The McGraw-Edison supply 

well was assumed to pump at a constant rate of 500 gpm from 1949 to 1979, at 

which time it was taken out of operation. The TCE plume evolution was 

simulated for 1949 to 1983 with a constant concentration of 100 - 35,000 ppb 

at the east side of the site. A satisfactory comparison of the computed 

extent of TCE to the observed extent was shown in the simulations. Therefore, 

the model can be utilized as both an analytical and a predictive tool of 

chemical transport patterns and trends. 

DISCUSSION OF MODEL SIMULATIONS 

Evolution of the Plume of Contamination.-

Figures 6 and 7 depict the computed extent of the TCE plume in the lower and 

upper aquifers in 1983. Note that in comparing the computed and observed 

concentrations in Figure 7, the apparent discrepancy to the south of the plant 

is due to the definition of what constitutes an upper aquifer. In computing 

concentrations, Pinder and Babu (1984) recognized that there is no confining 

bed to the south and consequently attributed the contaminant in this single-

aquifer region to both aquifers. The observed data (contouring) in Figure 7 

however, is based upon an alternative definition based upon well depth 

criteria. When Figures 6 and 7 are taken together in this context, it is 

found that the computed plume geometry in this area matches the observed 

configuration very well. 

The apparent discrepancy to the west of the plant in Figure 7 for the computed 

and observed concentrations appears to be due to a possible secondary source 

of contamination that was not included as a source in the model. However, the 

dynamics of the system shown by the computed plume geometry match the observed 

data very wel1. 

Remedial Pumping 

Model simulations predicting the retraction of the TCE plume in the lower and 

upper aquifers are depicted in Figures 8 and 9, respectively. These figures 

show the extent of TCE in each aquifer after a pumping period of 5 years. In 
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add i t i on , the extent of TCE a f te r pumping 6 months in the lower aquifer and 

af ter pumping one year in the upper aquifer are also shown in these f igures to 

indicate the r e l a t i v e rate of re t rac t ion of the TCE plume due to the remedial 

pumping. A remedial pumping rate of 3000 gpm at the ex is t ing f i r e well and 

100 gpm from e i g h t we l l s in the upper a q u i f e r was assumed f o r these 

simulat ions. Total containment and re t rac t ion of the TCE plume is shown fo r 

both aqu i fers . A rapid rate of re t rac t ion of the TCE i s fol lowed by a more 

gradual ra te . This appears to be due to the conservative assumption of 

continued input of a constant source of TCE at the east end of the s i t e . 

The extent of groundwater capture in the lower aqui fer is shown on Figure 10, 

in which computer-generated steady-state- piezometric contours (during remedial 

pumping) are shown. The area w i th in the to ta l capture zone extends far beyond 

the TCE plume. The approximate hydraul ic boundaries between the f i r e w e l l , 

the Clark Street wel ls and the Brook's Foundry wel ls are also depicted. These 

boundaries were determined for t h i s report by a f low net analysis using the 

computer-generated piezometric surface. 

The hydraulic boundary between the Clark Street municipal well f i e l d and the 

f i r e well i s shown to be beyond the TCE plume. The hydraul ic boundary a t 

Brook's Foundry i s shown at the edge of the TCE plume. However, the vast 

major i ty of the water supply is provided from upgradient (east) of the 

foundry. 

The approximate ex ten t of groundwater capture i n the upper a q u i f e r i s 

i l l u s t r a t e d in Figure 11. I t i s observed that where a d i s t i n c t upper aqui fer 

ex i s t s , a major port ion of the plume i s captured. To the south, where one 

aquifer is bel ieved to ex i s t , the remaining segment of the plume is captured 

via lower aqui fer pumping. 

Alternate Remedial Pumping Rates 

A remedial pumping rate of 2000 gpm at the f i r e well was also simulated by the 

model. I t was determined that s i gn i f i can t res tora t ion of both the lower and 

upper aquifers was possible over the f ive-year pumping per iod , but tha t a 

substantial residual contaminant concentrat ion ranained in the lower aqu i fe r . 

Thus, t h i s strategy is deemed unsat is factory . 
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Influence On Groundwater Levels 

The computed influence of total remedial pumping on water levels in the 

neighborhood of the s i t e is given in Figures 12 - 15. Figures 12 and 13 

indicate the computed drawdown (in feet) to be anticipated in the upper and 

lower aquifers , respect ively, when the remedial pumping in the lower aquifer 

i s 3000 gpm. Figures 14 and 15 show the computed drawdowns (in feet) in the 

upper and lower aquifers , respect ively, when the remedial pumping ra t e in the 

lower aquifer i s 2000 gpm. 

These e s t i m a t e s are c o n s e r v a t i v e . The drawdowns are computed for the 

following pumping changes. For Figures 12 and 13, Clark Street c i ty well -

1000 gpm. Brooks Foundry - 320 gpm, changed to c i ty well - 1200 gpm, f i r e well 

.- 3000 gpm, and Brooks Foundry - 320 gpm. For Figures 14 and 15, c i ty well -

1000 gpm. Brooks Foundry - 320 gpm, changed to c i ty - 1200, f i re well - 2000 

gpm, and Brooks Foundry - 320 gpm. In both cases , purge wells in the upper 

aquifer pump at a tota l of 48 gpm. 

The influence on the groundwater resul t ing from remedial pumping at an equal 

total ra te will not vary s ignif icant ly by pumping from numerous wells instead 

of pumping from only one well . A loca l ly higher or lower drawdown may r e s u l t 

in the immediate v ic in i ty of the pumping wel ls . However, for distances beyond 

the immediate v ic in i ty of the pumping wel l s , minor differences in dis tances 

from the pumping influences will have essen t ia l ly no impact on the to ta l 

observed drawdown. 

CONCLUSION 

The 3-dimensional numerical t r a n s p o r t model of the flow system a t 

McGraw-Edison, developed by Drs. Pinder and Babu, was developed in accordance 

with procedures ou t l ined in c u r r e n t l i t e r a t u r e on groundwater modeling 

(Gillham and Cherry, 1982; McLaughlin, 1984; Hamilton, 1982; Anderson, 1984, 

et a l ) . A fami l ia r i ty with the physical cha rac t e r i s t i c s and behavior of the 

flow system were ut i l ized to ca l ib ra te the model for flow and chemical 

t ransport ana lys i s . Simulation of known conditions was achieved to assure 

that the model could be ut i l ized as a su i tab le evaluative t oo l . 
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The results of the model indicate that containment and retraction of the plume 
should occur at a pumping rate of 3000 gpm, but that 2000 gpm was unacceptable. 

The influence of the proposed remedial pumping schemes on groundwater levels 
in the lower aquifer does not appear to be significant for off s i te wells 
located in the Marshall sandstone. A drawdown of less than 5 feet should not 
adversely affect a properly constructed well. A reduction in the flow rate 
for very low head artesian springs is possible within an area of approximately 
1.5 miles of the s i t e . The use of one pumping well as opposed to wells in 
close proximity would result in very similar effects on the groundwater 
drawdown at points beyond the immediate'vicinity of the well(s) . 

The hydrogeology in the vicinity of McGraw-Edison consists of a complex flow 
system with a strong 3-dimensional character and different horizontal flow 
directions at various depths in the system. Evaluation of groundwater flow 
and chemical transport processes is only possible by use of a 3-dimensional 
numerical modeling procedure. A model can be utilized as a useful qualitative 
tool to predict trends in the physical behavior. 

Problems in using a model normally are the result of interpreting the data. 
However, though the model cannot be used to accurately define a 1.5 ppb 
i soconcentration contour, i t can produce a helpful p lot of a 200 ppb 
isoconcentration l ine . In order to close the gap between what is technically 
feasible and the objective to contain and retract TCE concentrations >_ 1.5 
ppb, remedial alternatives are evaluated with a conservative use of the model. 
This approach is fel t to demonstrate that the objective of the Consent Decree 
will be met. 
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